Abstract-Centimeter-long fiber Bragg grating phase masks having several thousand periods are fabricated using electron beam lithography and require the stitching together of many electron beam writing fields. Two techniques are used to minimize the effect of phase errors arising from the stitching process. Fiber Bragg gratings with more than 99.9% reflectivity are photoimprinted using the phase masks and near perfect spectral response is obtained in spite of stitching errors.
IBER Bragg gratings (FBG) consist of a refractive index modulation photo-imprinted in the core of optical fibers with a periodic ultraviolet light pattern. Typically, the period of the index modulation is a fraction of one pm and the length of the grating is between one mm and several centimeters. Therefore, several thousand periods contribute to the light reflected at the Bragg wavelength and the spectral response is very narrow. For instance, a one-cm-long grating with 95% reflectivity at 1.5 pm has a full width at half-maximum of only 0.14 nm. Of course, such a spectral finesse requires a high degree of coherence between the individual reflecting planes of the grating. Consequently, extreme care must be taken to ensure the perfect periodicity of the ultraviolet light photoimprinting the grating. One technique used to form FBG's involves a transparent diffractive phase mask (almost in contact with the fiber) to generate the periodic ultraviolet light pattern from a uniform light irradiation of the mask (in this case, the period of the FBG is one half the period of the mask) [l] . Such phase masks can be fabricated by electron-beam lithography but the maximum writing field of such machines is limited to between 0.8 and 3.0 mm; longer gratings require moving the substrate and "stitching" several fields together [2] . It is this stitching operation which, even on the best systems, introduces phase errors at every field boundary 131. A placement error as small as 25 nm between fields still introduces a phase shift of one twentieth of a period and a typical phase mask will have as many as several hundred of these phase errors spaced periodically along its length. The effect of these phase errors is best illustrated by an example: Fig. 1 shows the reflection spectrum of three FBG's fabricated using 1.055-pm-period phase masks with varying field sizes and stitching errors between fields. Strong satellite peaks appear symmetrically on either side of the Bragg peak, at a wavelength spacing which depends directly on field size (or equivalently on the periodicity of the phase errors). In addition to the errors from field stitching, the coherence of a long grating is also compromized by nonlinearity of the electron beam system stage (runout error). Stage runout error is caused by uncompensated rotations of the stage, and by defects in the mirrors of the stage interferometer. We have measured runout errors on one of the electron-beam systems used [4] to be of the order of 160 nm over 1 cm. It is the purpose of this letter to present two phase mask writing techniques which allow, in spite of stitching and runout errors, the fabrication of phase coherent and unchirped centimeter-long gratings by electron beam lithography. The experiments were performed as follows: Several 10-to 14-mm-long phase masks were fabricated by electron-1041-1135/96$05.00 @ 1996 IEEE Once the absolute reflectivity of a particular FBG is obtained, the theoretical reflection spectrum for a FBG having the same length, period, and reflectivity is calculated and compared with the experimental result. In order to determine the effect of EB field size on the stitching error, FBG's were photoimprinted using phase masks with different field sizes. Their spectral response was measured and fitted numerically in order to obtain the stitching error. The measured spectra are shown in Fig. 1 and the simulations indicate that the stitching error goes from 107 nm for the 700-pm fields to 26 nm for the 300-pm fields. Therefore, larger fields suffer from bigger stitching errors. Although main field deflection is periodically calibrated using a reference silicon marker on the substrate holder, imperfect corrections, possibly related to substrate height measurement problems, lead to residual systematic stitching errors that increase with field size. Thus an obvious design strategy is to use field sizes much smaller than the maximum allowed by a particular EB system. But even with small stitching errors, their periodic placement still leads to the growth of sharp, periodically placed unwanted sidelobes in the spectral response of long FBG's with high reflectivity: Fig. 2(a) shows such sidelobes in the spectral response of a FBG photoimprinted using a mask with 100-pmlong fields (the stitching error is too small to be determined quantitatively by simulation).
The first method proposed to improve the spectral response of the photoimprinted FBG's is to remove the phase coherence between the stitching errors by changing the field sizes along the length of the phase mask. As; an example, a second 14 mm long mask was fabricated with field sizes going from 100 pm to 200 pm in increments of 1.055 pm (one period). The reflection spectrum of a 99.9% reflectivity FBG obtained with this second mask is shown in Fig. 2b . Note that the symmetric sidelobe pattern has been removed, except for two groups of small broader peaks at *4 nm from the main peak. This sidelobe separation corresponds to stitching errors spaced by -200 pm and indicates that stitching errors of the last few fields with sizes of . . . 197, 198, 199 , and 200 pm generate weak broad sidelobes with sufficient spectral overlap to add up to a measurable peak in the spectrum. The unwanted sidelobe level is -32 dB below the main peak, instead of only -28 dB for the spectral response of the FB'G photoimprinted using the first phase mask with constant 100-pm fields [see Fig. 2(a) ]. The second technique proposed for reducing the effects of stitching errors in phase masks consists of spreading the stitching errors over the length of the mask by overlapping the EB writing fields. This method was developed to eliminate stitching errors in distributed feedback semiconductor laser gratings of a few hundred pm in length [6] . For this work, we used a variant of the technique in which the entire phase mask is over-written several times. For each "pass," a different but constant field size is chosen. The field boundaries are chosen so that those of one pass do not overlap those of any other pass, thereby averaging out the stitching errors. The electron dose of each pass is of course adjusted so that the total exposure of each grating line is optimal. Random drift in the electron beam writing system (due to thermal and electronic instabilities) is also partially averaged by writing the grating first in one direction (e.g., left to right) and then in the other (right to left). Since the same beam current is used in single pass and multipass gratings, the only difference in writing time comes from the added stage movement. For the 80 pm by 1-cm-long gratings used here, the writing time is under 10 min, with 0.6 min per pass for stage movement. This technique is easy to adapt to nonperiodic patterns, such as chirped or apodized gratings.
The averaging technique was tested using the JEOL system by writing a succession of 10-mm-long phase masks. Each mask had an increasing number of overwritten patterns, from a single pass (corresponding to no averaging) up to nine passes. The field size of each overwrite was chosen to be in the range of 50 to 80 pm by a random number generator. The spectral response of the FBG photoimprinted using the single pass phase mask with 65-pm fields shows the typical spurious sidelobes [ Fig. 3(a) ]. The spurious side lobes are smaller but still observable in the FBG spectrum of the mask written in two passes (not shown). However, there is no side lobe structure in the spectral response of FBG's made using phase masks written in three passes; in fact, the response becomes almost indistinguishable from the theoretical one [ (Fig. 3(b) ]. As Fig. 3(c) shows, a similar result is obtained for a mask with four passes. Note that in this case a high reflectivity FBG (over 99.9%) was photoimprinted to accentuate the sidelobe pattem. Tests have been conducted with masks having up to nine overwritten patterns and no noticeable improvement or degradation of the spectral response was observed with respect to the cases shown in Fig. 3(b) and (c).
In summary, phase mask gratings formed using electron beam lithography have phase errors due to field stitching when the length of the mask exceeds the field size of the electron beam system. As a result of these phase errors, the spectral response of fiber Bragg gratings photoimprinted using such masks is degraded by the appearance of periodically located spurious side lobes. The side lobe structure is decreased considerably by using small field sizes in the stitching process but it is still observable in high-reflectivity fiber gratings. A further improvement is obtained by varying the field sizes along the length of the phase mask: the side lobe levels are reduced by several dB over the previous case. Finally, it is shown that an averaging technique in which the phase mask pattem is overwritten as little as three times with different field sizes is sufficient to practically eliminate any trace of side lobe structure in photoimprinted fiber Bragg gratings. These techniques only require the appropriate programming of the pattem writing sequence and will lead to fiber Bragg gratings with improved spectral response independently of the electron beam system used.
